Material removal at the sub-micron level has been a topic of interest in the past few years, particularly with respect to the fabrication of miniaturized devices. While numerous techniques have been developed and refined from their larger mesoscale counterparts (e.g. microEDM, micromilling), most have inherent limitations such as tool dimensions restricting the minimum feature which can be produced.
INTRODUCTION
Due to the rapid progress in the miniaturization technology, there is a shift in the demand in dimensional accuracy of devices from the order of micrometers (10 -6 m) to nanometers (10 -9 m). Hence, the interest in fabricating miniaturised devices has lead to the need to develop techniques capable of removing material precisely and at a relatively low removal rate. Many of the available technologies can be characterised as either scaled-down processes such as lapping, microgrinding, microElectro Discharge Machining (µEDM) and micromilling or have been adapted from the semiconductor industry such as chemical mechanical planarization (CMP) and reactive ion etching. In addition to the above described processes, one of the technologies that provides the attraction of producing geometrically dimensional shapes in the nanometer order is ultraprecision polishing. This is because it is able to produce very smooth surfaces with minimal material damage or strain which is a basic requirement for miniature functional components.
In recent years, non-contact approaches to ultraprecision polishing have attracted interest due to the minimization of defects such as scratching which is typically caused by the polishing tool and workpiece interaction. Float polishing [1] and elastic emission machining [2] are two of the processes that fall within this category. Both of these techniques utilise slurries which consist of abrasive particles suspended in fluid to remove the workpiece material.
In this paper, a non-contact material removal technique based on the electrokinetic phenomenon is proposed. The aim of this research is to explore the feasibility of the technique for material removal as well as to understand the influence of various parameters such as electric field strength on the removal rate.
EXPERIMENTAL CONCEPT
Electrokinetic material removal is based on the phenomenon of the movement of suspended colloids under an electric field. When these suspended particles are in contact with aqueous solution, they are charged as the solid surfaces of the particles carry electrostatic charges. The surface charge of the particles are related to the particles' zeta potential and size which can be determined by [3] :
where Q E is the surface charge of the colloidal particle, a is the radius of the particle, ε r is the permittivity of the particle, ε o is the permittivity of vacuum, and ς is the zeta potential of the particle.
One of the determining forces that act on the particles to cause surface wear is the electrokinetic force which is mainly governed by electrostatics, given by equation (2) [3] .
where V AC is the AC voltage of the electric field, V DC is the DC voltage of the electric field, d is the distance between the two electrodes through which an AC electric field with DC bias is applied, and f is the frequency of the AC electric field.
In order to ensure constant, uniform material removal from a surface, there is a need to add a horizontal component of particle motion exerted by flowing fluid. Figs 1(a) and 1(b) illustrate the typical movement of particles with no electric field and with an AC electric field respectively. With only an AC field being applied there is a strong possibility of only a relatively few interactions occurring between the particles and the workpiece. The application of a DC electric field alone (Fig 1(c) ) ensures that the particles will move towards one of the electrodes. Only a combination of an AC electric field coupled with a DC offset would provide the necessary conditions for the occurrence of cyclic collisions. Dielectrophoresis was considered negligible as there were no electric gradients between the electrodes. 
EXPERIMENTAL PROCEDURES
In order to study the electrokinetic abrasion process, an experimental set-up as shown in Fig 2 was constructed. Experiments were then carried out to determine the relationship between the rate of material removal and parameters such as electric field, frequency and flow rate. Through understanding these parameters only then will it be possible to manipulate and control the dynamic behaviour of the abrasive particles and hence the removal rate. A base substrate consisting of a channel for fluid flow was fabricated. The design of the substrate allowed for easy removal of the workpiece so that surface wear could be characterised. Several methods for microchannel fabrication were proposed and tested with PDMS being ultimately chosen due to its sealing ability (and thus minimum leakage). Leakage was further minimised by clamping both wafers together. The deposited metal layer had to be significantly thick enough to ensure that no electrical breakdown of the electrode occurred due to the high potential difference during the electrokinetic process. The channel in the PDMS was 500 µm wide and 25 µm deep (20 µm after compression during clamping) and was fabricated by the process [5] described in Fig 3. After the selection of the dielectric fluid, abrasive particles and the appropriate material for the workpiece, the particle suspension was introduced into the microchannel. An AC electric field biased with a DC offset was then supplied to the gold electrode and workpiece in Fig 2. The electric field was introduced in such a way that the workpiece was positively biased with DC field while the base substrate became negatively biased.
Experiments were undertaken to study the removal rate on the gold workpiece under influences of applied AC & DC voltages, frequency and flow rate over a time span of one hour. The amplitudes determined mathematically were between the range of 0.3 µm (experiment 2 with 500 Hz of AC electric field) and 45 µm -bigger than the channel height (experiment 1 with 100 kV/cm of electric field strength) which suggested that the particles would hit the surface of the workpiece and dwell before reversing direction. In these series of experiments, the influence of temperature (with the extreme temperature range measured to be between 28ºC and 45ºC) due to the electric field may have an effect on the viscosity. However, at this stage of the research it was not considered. Characterisation of the removal rate on the workpiece was performed using a surface contact profiler (Dektak 3 ST from KLA-Tencor), surface interferometry (Wyko NT2000 from Veeco) and scanning electron microscopy (Hitachi S-3500). Table 1 lists the parameters which were varied and the values selected. 
SELECTION OF MATERIAL FOR THE MATERIAL REMOVAL PROCESS

Selection of abrasive particles
Selection of the abrasive particles suspended in the dielectric fluid was undertaken. Average particle size and distribution were determined using a zeta potential analyser (Malvern Instruments) and particle shape was observed through transmission electron microscopy (Jeol JEM-2010).
A number of abrasive particle types were considered which included aluminium oxide, silicon carbide, diamond and silicon dioxide. Table 2 shows the zeta potential values of these particles. For these experiments, particles exhibiting a more negative zeta potential are desirable as they carry a larger surface charge which, according to equation (2), will result in greater impact onto the workpiece.surface. Silicon oxide which has the more negative zeta potential was selected. Silicon (IV) oxide particles of 1.5 microns diameter (supplied by Alfa Aesar) were used. The particle morphology was analysed using the TEM as shown in Fig 4 and was determined to be spherical in shape. The zeta potential analysis was carried out with the particles suspended in ethanol. 
Selection of a suitable dielectric fluid for the material removal process
Dielectric fluid was selected on the basis of their dielectric strength. The dielectric fluid containing the suspended abrasive particles was subsequently introduced into the microchannel using a syringe pump. A DC electric field was applied to the electrodes with the workpiece being positive biased and the substrate negative as shown in Fig 1 to record the electrical breakdown strength of the dielectric fluid.
Fluid selection was restricted by two criteria; the fluid must be a dielectric medium and preferably environmentally benign. Suitable candidates were narrowed down to deionised water, organic solvents and EDM fluid (Daphne HL25 supplied by Idemitsu). Deionised water was rejected due to the higher dielectric property (as compared to the other two). Due to concerns about the level of hydrocarbon content in the EDM dielectric fluid which could pose a degradation problem to the rubber seals of the syringe, organic-based solvents were selected. Three solvents; ethanol, propan-2-ol and propan-2-one were short-listed with the latter then being rejected due to its level of toxicity. Table 3 shows a comparison between ethanol and propan-2-ol of their respective dielectric strengths. Ethanol was ultimately chosen although it had slightly lower dielectric strength. Propan-2-ol, when inhaled, is oxidised by the liver system into acetone which can cause symptoms such as headaches, nausea and vomiting. The dielectric strength of silica particles suspended in ethanol was measured and recorded at 120 kV/cm (240 V over a distance of 20 µm) -slightly lower than that for pure ethanol reported in table 3. Our results support that reported by Wong et al [6] in that the inclusion of silica particles into the dielectric fluid had only a minor influence on the electrical breakdown strength of the dielectric fluid.
Selection of an appropriate material for the workpiece during the material removal process
In order to study the removal rate at the nanometer scale, the choice of workpiece material needed careful consideration. The main requirements for the material were that it should be inert as well as be able to easily deposit onto the substrate. Inertness was considered to be critical as the formation of oxides on the surface could significantly influence the removal process. Materials such as aluminium were tested but gold was ultimately selected. Both electrodes (the base and the workpiece) were coated with gold in order to eliminate factors such as galvanic corrosion which could amount to inaccurate measurements as the primary interest for the experiment was to quantify the mechanical wear rate of the material removal process. During the experimentation, it was ensured that the gold surface was not entirely removed such that the material wear rate could be determined more accurately where material peeling issues would be easily identified. 
Y Profile
RESULTS AND DISCUSSION
Shown in Fig 5 are the initial results that clearly demonstrate the removal of material from the workpiece to form a channel. From the x profile taken using the WYKO system it can be seen that material removal occurred across the whole channel with a greater removal rate at the edges. One possible explanation could be due to the localised nonhomogeneities of the electric field where the electric field lines are more concentrated at the edges as PDMS has a higher electrical resistivity (4 x 10 13 Ω m) as compared to ethanol (1.8 x 10 8 Ω m) [7] . This difference could have caused greater material removal near the channel edges as compared to the channel centre. For the following results, the Dektak surface profiler was used to determine the wear depth of the microchannels. The wear rate was calculated by dividing the wear depth over the material removal time span (usually one hour). For each data point on each graph that are presented in the subsequent experiments, a total of 10 measurements were made.
Outliers from each set of measurements were removed such that a more robust and accurate account on the material removal rate for each data point would be reflected. The sample mean and standard deviation of the wear depth for each data point was then calculated and plotted along with a best fit line. shows the relationship between AC electric field and workpiece removal rate. It can be observed that there is a clear trend between 30kV/cm and 50kV/cm with an increasing wear rate. However, the wear rate begins to decrease with further increases in electric field strength. With increasing electric field, the trajectory of the particles will change as the horizontal component (flow) becomes less significant. The angle of particle approach towards the surface will reach an optimum for material removal where it is believed that the wear mechanism might shift from friction (small angle of approach due to the sliding of the particles onto the surface of the workpiece) to impingement (larger angle of approach where the workpiece is abraded away due to the collision of the particles). From Fig 7, a clear trend exists in that the wear rate decreases with increasing frequency. With a higher frequency it would be expected that more particles would approach the surface of the workpiece within a fixed amount of time. However, with the faster frequency response of the AC electric field, the particles were not able to react to the electrostatic force fast enough to collide with the surface before being pulled in the opposite direction. Fagan et al [8] reported that the height levitation of the particles decreased with increasing frequency in a similar experimental set-up to the one reported here. By increasing the frequency value in equation (2), the vertical electrostatic force reduced, which indirectly caused the velocity of the particles to decrease-further supporting the above observations. the electric field which provides the vertical component of the particle motion. The angle of approach to the surface reached a critical value at around 0.4m/s before the wear rate started to decrease. One of the possibilities for the increase in wear rate was due to the faster approach of the particles onto the surface of the workpiece at higher flow rate to cause more wear with increased friction. However, this showed otherwise as the fluid velocity passed beyond the 0.4 m/s mark. One explanation could be that the fluid velocity was too high such that the particles did not have the opportunity to interact/collide with the surface. Although the impact velocity plays a significant role in the material removal process, the angle of approach of the particles seemed to be even more crucial as the wear rate decreases after 0.4 m/s with increasing flow velocity which is shown in Fig 8 . 
Influence of the frequency of AC electric field on the wear rate of the workpiece
CONCLUSIONS
In this paper, a novel technique of using electrokinetic phenomenon for precise material removal has been proposed. Experiments have been carried out to demonstrate the material removal at rates ranging from 10 Å/min to 36 Å/min in depth over a span of 1 hour. The effects of applied voltage, frequency and flowrate on the workpiece wear rate have been shown and explained. Varying these parameters provides a degree of control over the electrokinetic material removal process. Other factors such as the effects of temperature and viscosity of the dielectric fluid on the removal process will be investigated in future work.
The chemical that was used in the experiment was ethanol. Since ethanol is a harmless fluid, and no other chemicals were involved in the process, this technique offers the further attraction of being a benign nano-manufacturing process with potential usage in the biochip and microfluidics areas.
